Secondary metabolites have an important impact on the biocontrol potential of soil-21 derived microbes. In addition, various microbe-produced chemicals have been 22 suggested to impact the development and phenotypic differentiation of bacteria, 23
Introduction 38
production of surfactin since it encodes for a 4 phosphopantetheinyl transferase that 85 activates the peptidyl carrier protein domains from the NRPS machinery, impairs biofilm 86 formation in B. subtilis 3610 [28] . Since sfp mutation is defective for the synthesis of all 87 NRP-derived molecules (surfactin, bacillibactin, plipastatin and bacillaene), this impair in 88 biofilm formation could be due to a defect in other biosynthetic pathways than surfactin 89 [14] . These conflicting reports and recent results in our laboratories lead us to revisit the 90 importance of surfactin for biofilm formation of B. subtilis in vitro and on planta. 91 92 2. Material and Methods 93
Strains, media, and chemicals 94
Strains used in the study are listed in Table S1 . For routine growth, cells were propagated 95 on lysogeny broth (LB; Luria-Bertani or Lenox broth) medium. When necessary, antibiotics 96 were used at the following concentrations: MLS (1 μg mL -1 erythromycin, 25 μg mL -1 97 lincomycin); spectinomycin (100 μg mL -1 ); chloramphenicol (5 μg mL -1 ) and kanamycin 98 (10 μg mL -1 ). New B. subtilis isolates were obtained from 5 sampling sites in Germany 99 and Denmark (see Table S1 for coordinates) by selecting for spore formers in the soil. For pellicles assays, cells were pre-grown for 2 hours and diluted 1:100 in 3mL LB 3 times, 114 and at the last incubation cells were grown until they reach an OD600 between 0.3 and 0.6. 115 OD600 was then adjusted at 0.3 with LB, and 13.5 μL were used to inoculate 1mL of 116 medium in a 24-well plates. Media used for these experiments were MSgg [28] and MSNc 117 + Pectin (MSN: 5mM Potassium phosphate buffer pH7, 0.1M Mops pH7, 2mM MgCl2, 118 0.05mM MnCl2, 1μM ZnCl2, 2 μM thiamine, 700 μM CaCl2, 0.2% NH4Cl; 0,5% cellobiose 119 and 0,5% pectin (Sigma)). Incubation was done at 30 o C. For pellicle assays of recent 120 B. subtilis soil isolates and its mutant derivatives, three to four colonies were inoculated 121 in 3 ml LB and incubated at 37°C with shaking at 225 rpm for 4 h. The OD600 was adjusted 122 to 1.5 and 1 % inoculum of the pre-grown culture was used to seed bacterial biofilms in 123 MSgg [28] or MOLP [33] media at 30°C. For colony biofilms, one colony was inoculated 124 in 3 mL LB and rolled for 3h at 37 o C. The culture was adjusted to an OD600 of 1, then 2μL 125 were spotted on solidified (1.5% agar) MSgg media. 126 127 Col-0 A. thaliana ecotype was used throughout the study. In the Canadian laboratory, 128 seeds were surface-sterilized with 70% ethanol followed by 0.3% sodium hypochlorite 129
(v/v) and germinated on Murashige-Skoog medium (Sigma) 0.7% agar with 0.05% glucose in a growth chamber at 25 o C. Root colonization assay were performed using 131
MSNg (MSN supplemented with 0.05% glycerol) as described in [34] . In Denmark, 132
Arabidopsis seeds were surface sterilized using 2% (v/v) sodium hypochlorite with mixing 133 on an orbital shaker for 20 min and then washed five times with sterile distilled water. The 134 seeds were placed on pre-dried Murashige and Skoog (MS) basal salts mixture (2.2 g l −1 , 135 Sigma) containing 1% agar in an arrangement of approximately 20 seeds per plate at a 136 minimum distance of 1 cm. After 3 days of incubation at 4°C, plates were placed at an 137 angle of 65° in a plant chamber with a light regime of 16 h light (24°C)/8-h dark (21°C). 138
After 6 days, homogenous seedlings ranging 0.8-1.2 cm in length were selected for root 139 colonization assay. Seedlings were transferred into 48-well plates containing 270 μl of 140
MSNg medium [34] per well. The wells were supplemented with 30 μl of exponentially 141 growing bacterial culture diluted to OD600 = 0.2. The sealed plates were incubated at a 142 rotary shaker (90 rpm) at 30°C for 18 h. After the incubation, plants were washed three 143 times with MSNg to remove non-attaching cells and then transferred to a glass slide for 144 imaging using CLSM. 145 146
Beta-galactosidase assays 147
From pellicle biofilm assays, spent medium was cautiously removed from the wells. The 148 pellicle was then collected in 1mL of Z-buffer (40 mM NaHPO4; 60 mM Na2HPO4; 1 mM 149 MgSO4; 10 mM KCl) and transferred in a 1.5mL tube. The suspensions were sonicated 150 with 1 second pulses (30% power) for 10 seconds total to break the biofilms, and OD600 151 was measured. Then, 2-mercaptoethanol (final concentration of 38 mM) and freshly 152 prepared lysozyme in Z-buffer (final concentration of 20 µg mL -1 ) were added. 153
Suspensions were incubated for 30 min at 30°C, diluted and 100µL of an ONPG solution (4 mg mL -1 in Z-buffer with 38mM of 2-mercaptoethanol) were added. 250µL of Na2CO3 155 1M were added when solutions started turning yellow, and the reaction time was recorded. 156
The A420nm and OD550nm were measured for each solution, and the Miller Units were 157 Consequently, the genomes of 3610, SSB46, and the newly created MT529 strains were 240 re-sequenced. In addition to the srfAA::erm mutation, SSB46 strain contained six point 241 mutations that did not exist the ancestral 3610 or the re-created MT529 strain (see Table  242 S2). However, deletion mutants of the SNP harbouring genes combined with srfAA::kan 243 did not recapitulate the important defect observed with SSB46 strain (Fig. S1 ), suggesting 244 that the mutation causing the defect is not a loss-of-function or that certain combination 245 of SNPs are responsible for the observed phenotype of SSB46 strain. Importance of surfactin and sfp for activation of the two main operons involved in 248 biosynthesis of the extracellular matrix, i.e. tapA-sipW-tasA and epsA-O, was further 249 examined using transcriptional lacZ fusions. As shown in Fig. 1B and D, absence of 250 surfactin or deletion of sfp have little to no effect on tapA transcription, and slightly 251 decreases epsA-O transcription in MSgg. In MSNc pectin, absence of surfactin actually 252 increases tapA and epsA-O transcription (Fig. 1C) , which also correlates with the more 253 vigorous aspect of pellicles (see Fig.1A ). In the same medium, absence of sfp impairs 254 transcription of both biofilm operons. In summary, in liquid media srfAA or sfp deletion has 255 only mild impacts on pellicle biofilm formation in B. subtilis 3610. 256 257
Deletion of sfp and srfAA alters colony structure 258
Biofilm strength can also be evaluated using the complex architecture of colony biofilms 259 growing on solid biofilm-inducing media. Since surfactin is a biosurfactant [17,37], its 260 absence might have more severe effect on solid media as observed for sliding, a matrix 261 dependent colony expansion [17] . Indeed, as shown in Fig. 2A , colonies of srfAA show 262 less spreading on solid MSgg and MSNc pectin, but are still very wrinkly. These wrinkles 263 are likely composed mostly of proteinaceous (TasA) fibres, since expression of Peps is 264 drastically reduced by absence of surfactin, while PtapA is not affected (Fig. 2B) . 265
Interestingly, the sfp mutant produces small, flat colonies in both media. This strain also 266 has significantly reduced LacZ activity for both biofilm reporters (PtapA and Peps) and media, 267 which correspond to the flat phenotype of the colonies. While calculation of the miller units 268 includes normalization for cell number (OD600), this lack of biofilm gene expression could 269 also be attributable to lack of cell growth and incapacity to reach the cell density required 270 for biofilm formation. to phenotypes, indicating that in the latter absence of other molecule(s) synthesized via 274 NRP machinery also impacts biofilm formation. Thus, we examined deletion mutants for 275 bacillibactin (dhbA-F), plipastatin (ppsB) and bacillaene (pksL) (Fig. S2) . The mutant 276 defective for B. subtilis siderophore bacillibactin showed small, almost featureless 277 colonies on both media, suggesting an important role for iron-acquisition molecules in this 278 process. The double srfAA dhbA-F deletion recapitulated the sfp phenotype, suggesting 279 that on solid media, both molecules are required for robust biofilm formation. 280 281
Surfactin is not required for root colonization by B. subtilis 282
In a natural environment, surfactin production is triggered by contact with plant roots few 283 hours before biofilm formation [36] . Thus, we evaluated the importance of surfactin for 284 root colonization of A. thaliana seedlings, using the system described in [34] . B. subtilis 285 root colonization was monitored using a PtapA-yfp reporter, allowing us to identify cells 286 actively forming a biofilm on roots. Since absence of surfactin might only delay, instead of 287 inhibit, root colonization, different time points after inoculation were examined. As shown 288 in Fig. 3A , there was no apparent difference in the root colonization patterns and 289 capacities of WT and srfAA cells. We validated these observations by imaging whole roots 290 and determining the ratio of YFP expression/root area, which gives us a quantitative 291 measurement of colonization. Indeed, while colonization somewhat varied from one 292 seedling to another, overall there was no significant difference between WT and srfAA 293 root colonization at any time points. To address the generality of lack of surfactin production on pellicle formation ability, we 298 tested pellicle biofilm development of 6 newly isolated B. subtilis strains recovered from 299 soil samples. As the essentiality of surfactin production for pellicle development has been 300 demonstrated on MOLP medium for B. amyloliquefaciens (previously identified as B. 301 subtilis) UMAF6614 [24], pellicle formation was followed both on MSgg and MOLP liquid 302 media that revealed no observable difference between wild-type and their surfactin mutant 303 derivatives ( Fig. 4) . Additionally, plant colonization was indistinguishable between the 304 wild-type and srfAC::spec strains (Fig. 4) . Finally, to demonstrate the surfactin production 305 ability of these new B. subtilis strains, the isolates were inoculated to MSgg medium and 306 UHPLC-HRMS analysis was performed on isopropanol:ethyl acetate extracts of the agar 307 medium below the colonies. Chemical analysis of the extract along with a standard 308 demonstrated that each and every isolates produced surfactin, but not their srfAC::spec 309 derivatives (Fig. S3) . burden of producing an important NRPs [41, 42] . In solid media, srfAA and sfp mutants 320 display strikingly different phenotypes than WT. In both cases, colony diameter is smaller, 321 stressing the need for surfactin to disperse on a surface [17, 18] . Intriguingly, absence of 322 surfactin had a stronger impact on eps than on tapA transcription, suggesting that surfactin 323 and/or colony spreading might be involved in regulating exopolysaccharides production 324 on solid surface. This regulation would be independent from SinR and AbrB, which act 325 identically on both operons [43] . 326
327
Similarly to pellicle biofilm formation in liquid media, various srfA mutants colonize plant 328 roots with an efficacy identical to WT cells. Surfactin production is stimulated by plant 329 polysaccharides such as pectin, as is biofilm formation [34, 36] . Thus, our observations 330 suggest that while surfactin production precedes biofilm formation upon contact between 331 cells and roots, both processes are somewhat independent. They also would have 332 independent roles, biofilms favouring root attachment and surfactin production, triggering 333 the induced systemic resistance. 334
335
Our results show that for B. subtilis, surfactin production is not required for robust biofilm 336 formation, which is in contradiction with many reports for surfactin requirement in various 337
Bacilli [23, 24, 44] . In many of these reports however, the species or the strain examined 338 also produce an iturin, bacillomycin, which is not the case for B. subtilis 3610 or the newly 339 in this case deletion of srf also strongly impairs production of bacillomycin L, which is also 342 required for strong biofilm establishment and rice leaves colonization by Bacillus spp. 916 [44] . Thus, requirement of surfactin for biofilm formation and plant colonization is likely 344 species-or strain-specific in Bacillus, and might depend on the presence of iturin 345 production in these strains. Nevertheless, the importance of surfactin production by PGPR 346 strains of Bacilli is primarily for the anti-microbial potential and systemic resistance 347 induction by this multi-functional secondary metabolite. 
